Human rhinoviruses (HRVs) are quite sensitive to low pH. To determine whether this characteristic might be a therapeutic target, we evaluated the sensitivity of HRV to low-pH buffers in vitro and in vivo. Our findings confirm that low pH inhibited replication of most HRVs and reduced the replication of influenza virus. Preliminary experiments verified that the surface pH of the human nasopharynx could be transiently lowered to pH ∼4.0 by topical administration of citrate/phosphate (CP) buffers, which was well tolerated. In a pilot experimental colds study, intranasal administration of CP buffer, compared with normal saline, reduced viral shedding by 1 log unit (10 3 vs. 10 4 50% tissue culture infective dose/mL; ), although respiratory symptoms P ! .01 were not significantly reduced. These findings demonstrate that low-pH buffers have antiviral activity in vivo and suggest that a larger clinical trial is warranted to determine whether this approach could reduce rates of viral transmission.
have been identified as therapeutic targets. For example, compounds have been developed to block the binding of HRV to its major receptor, intercellular adhesion molecule (ICAM)-1, to prevent uncoating of viral RNA, or to inhibit the viral 3C protease [8] [9] [10] . In addition to these vulnerabilities, one of the defining characteristics of HRVs is that they are quite sensitive to low pH. This effect is thought to be due to conformational changes in capsid proteins at pH !6.2, leading to loss of the VP4 subunit, which renders the virus noninfectious [11] . Although this effect has been noted in vitro for many years, our search of the literature has not found any attempt to administer acidic buffers intranasally for the prevention or treatment of HRV infection.
We conducted a series of experiments to more carefully evaluate the sensitivity of HRV to low-pH buffers in vitro and to determine whether low-pH buffers are safe, well tolerated, and efficacious in human volunteers. Our findings confirm that many serotypes of HRV are exquisitely sensitive to pH !6.0 in vitro activity. These findings provided the rationale for conducting a double-blinded, placebo-controlled, clinical trial to determine whether low-pH buffers have anti-HRV activity in vivo. 
MATERIALS AND METHODS

Cells and viruses.
H-HeLa cells were grown in Eagle's MEM (EMEM; Life Technologies) supplemented with nonessential amino acids, l-glutamine, antibiotics, and 10% calf serum (Hyclone) [12] . Human bronchial epithelial cells (HBECs) were isolated from residual tissue destined for lung transplantation as described elsewhere [13] . MDCK cells and Hep-2 cells were grown in EMEM supplemented with 10% fetal bovine serum (Hyclone). Representative serotypes of HRV (1A, 2 [14] .
Preclinical Studies
Toxicity tests of low-pH buffers on HeLa and BE cell monolayers. Cell monolayers (HeLa cells and/or HBECs)
were incubated (for 10 min at 34ЊC) with 0.5 mL of the test buffer along with 0.5 mL of medium. Next, the cells were washed once in PBS (pH 7.2), and the medium was replaced. This treatment was repeated twice more at 4-h intervals. Twenty-four hours after the first treatment, unstained cells were examined under a light microscope for cytopathic effects. Next, the cells were fixed (0.5 mL/well buffered formalin for 1 h) and stained with 0.1% crystal violet in 20% ethanol. The integrity of the cell monolayer was evaluated on a scale of 0-3 depending on the intensity of staining (0, no surviving cells; 3, intact cell monolayer).
In vitro virus inactivation tests. HRV16 (10 6 mL ≈ 10 TCID 50 ) was incubated (at 22ЊC and 35ЊC) with 1 mL of either 0.15 mol/L citrate/phosphate (CP) buffer (pH 5.0), 0.1 mol/L ascorbate (pH 5.0), 0.05 mol/L phthalate (pH 5.0), or PBS (pH 7.2) as a negative control. In a second series of experiments, a range of respiratory viruses, including RSV, influenza (Beijing/ 32/92-like), PIV-3, and several HRV serotypes were tested. For these experiments, the viral suspensions were diluted only 2fold, to more closely simulate conditions that might occur in the nasopharynx after topical application of a nasal spray. Viral titers were determined after 2 and 10 min of incubation.
Effect of intermittent exposure to low-pH buffers on viral growth in vitro.
HeLa cell monolayers were inoculated with HRV16 (10 TCID 50 /well for 4 h) and then treated with low-pH buffers or PBS (for 10 min at 34ЊC). This procedure was repeated at 8, 12, 24, 28, 32, and 36 h after infection, and viral titers were determined at 48 h. In addition, uninfected cell monolayers were also briefly exposed (10 min) to low-pH buf-fers (0.15 mol/L CP [pH 5.0] or 0.05 mol/L phthalate [pH 5.0]) or PBS (pH 7.2) 3 times in a 24-h period. Neither citrate nor CP treatment produced cell toxicity, but phthalate treatment produced extensive thinning and detachment of the cell monolayer (data not shown).
Clinical Studies
Three studies were conducted to test the tolerability and effects of repeated administration of low-pH buffers and to test antiviral effects in vivo. Each protocol was reviewed and approved by the Human Subjects Committee at the testing institution (University of Wisconsin Hospital or Hull and East Riding Local Research Ethics Committee).
Tolerability of low-pH nasal sprays in healthy volunteers.
To determine whether low-pH nasal sprays would be tolerated when used repeatedly, a double-blinded, placebo-controlled, randomized cross-over study was conducted. After informed consent was obtained, 15 normal healthy volunteers between the ages of 18 and 65 years sprayed 300 mL of either 0.15 mol/ L CP (pH 4.5), 0.075 mol/L CP (pH 4.5), or normal saline (pH 7.4) into each nostril 4 times daily for 5 days. Each of the sprays also contained standard preservatives and thickening agents. The subjects used all nasal sprays consecutively, with rest periods (no sprays) in between. Each spray was administered with 3 shots (∼100 mL/shot) in each nostril 4 times daily, followed by a 9-day rest period during which no nasal sprays were used. Physical examination of the nasal mucosa was performed at baseline and at the end of each 5-day treatment period. In addition, a diary was kept to record symptoms (congestion, headache, etc.) on a 4-point scale (0, none; 1, mild; 2, moderate; 3, severe). There was a 10 day wash-out period in between administration of the nasal sprays. 
Nasal spray effects on intranasal pH.
Twelve healthy adult volunteers between the ages of 18 and 60 years without current nasal symptoms were recruited for the study. None had used topic nasal sprays during the preceding 3 months. Three different volumes (15, 50, and 100 mL) of a pH 3.5 citric acid/lpyroglutamic acid/phytic acid solution were administered via nasal spray pumps (Valois VP7) into 1 nostril only. To achieve the 100-mL dose, a 50-mL pump was sprayed twice. Mucosal epithelial surface pH measurements were obtained with a multiuse pediatric external reference pH catheter (Medtronic) inserted via the vestibule at 3 points in the nose: the inferior turbinate, the septum, and the nasopharynx [15, 16] . Measurements were obtained at baseline and 1, 5, 10, 15, and 30 min after dosing. The order of dose testing was randomly allocated by the investigator.
Effects of low-pH nasal sprays on experimental HRV infection.
To determine whether intranasal administration of low-pH buffers would either prevent or lessen the severity of clinical colds, a pilot prospective, randomized, placebo-controlled study was conducted using experimental inoculation with HRV16. After they provided informed consent, healthy volunteers between the ages of 18 and 60 years with no detectable neutralizing antibody to HRV16 were randomly assigned to receive either the active treatment or placebo. The treatment solution consisted of citrate (pH 3.5), phytic acid (a chelating agent), l-pyroglutamic acid, phenyl ethyl alcohol (a preservative), Carbopol 980 (a thickener), and eucalyptol. The placebo solution consisted of normal saline (pH 7.2-7.4), along with the same thickeners and preservatives.
Beginning 5 min after inoculation (1000 TCID 50 ), the test solution (either low-pH buffer or placebo) was self-administered 4 times a day (∼8:00 a.m., 1:00 p.m., 6:00 p.m., and 11: 00 p.m.) for 5 days in a volume of 100 mL (2 50-mL sprays) in each nostril. Before the administration of the second, third, and fourth doses of test product on each of days 0-4, subjects recorded the presence and severity of their symptoms at that time in their symptom diary. Cold symptoms (sneezing, rhinorrhea, nasal obstruction, sore throat, cough, headache, malaise/tiredness, run-down feeling, and chilliness) were rated using a 4-point scale (0, absence; 1, mild; 2, moderate; 3, severe). The 3-4 scores for each type of symptom on each day were adjusted for baseline by subtracting the corresponding scores from day Ϫ1, and average daily scores were calculated.
A nasal wash was performed after symptom assessment and before the first morning dose on days 0-4. Subjects were considered to have had a cold if they met the following modified Jackson criteria: (1) confirmed infection as evidenced by the presence of HRV16 in their nasal wash or at least a 4-fold increase in the titer of serum neutralizing antibody to HRV16 and (2) total symptom score of у6 and either the presence of rhinorrhea for у3 days or the subject's impression of having a cold. Cold duration was defined as number of days when subjects had a daily symptom score that was greater than a threshold value. For asymptomatic infections, a cold duration of 0 was assigned.
Statistical Methods
The duration of reduced pH induced by administration of different volumes of nasal spray was compared by calculating the area under the curve (AUC). Because of the exploratory nature of the study, no adjustments were made to control the exper- iment-wise type I error rate. Comparisons of the low-pH nasal formulations and placebo control were made using Fisher's exact test (for the percentage of inoculated subjects who became infected with HRV16 and the percentage of inoculated subjects who became infected with HRV16 and showed the presence of a cold) and the Wilcoxon rank sum test (for the total, daily, and individual symptom scores for subjects who became infected with HRV16; the number of days with a cold for subjects who became infected with HRV16; the number of days HRV16 was shed for inoculated subjects; and the amount of HRV16 shed on day 2 for inoculated subjects). For all comparisons, 1sided P values are shown, unless otherwise indicated. A type I error rate of 0.10 was used for all statistical hypothesis testing.
RESULTS
Preclinical Studies
Susceptibility of HRV, RSV, PIV, and influenza virus to low pH.
Several low-pH buffers were selected for study because of their buffering capacity in the range of pH 4-6, which has been reported to inactivate HRV. Each of the selected buffers maintained a pH of !6.0 when diluted at least 3-fold with PBS (pH 7.4). In addition, because the goal of these experiments was to develop a solution to be used topically in the nose, several buffers were not chosen because of poor solubility, mucosal irritation, or a strong taste. Phthalate, CP, and ascorbate buffers each caused a marked loss in infectious virus titer, and this effect was more pronounced at 35ЊC than at 22ЊC (figure 1). After incubation (for 2 min at 35ЊC) of virus suspensions with an equal volume of 0.15 mol/L CP (pH 4.5), HRV1A, -2, -14, -16, and -49 lost between 2.6 and 3.6 log 10 in titer. HRV85 lost no appreciable titer even when incubated for 10 min in the acidic buffer. Influenza A (Beijing/32/92-like) showed a 0.7 log 10 reduction in infectivity in 2 min and an average reduction of 2.9 log 10 after 10 min. Low pH did not diminish the titers of either RSV or PIV-3.
Effect of intermittent exposure to low-pH buffers on viral growth in vitro.
Natural HRV infections are initiated by a small inoculum, and virus must spread extracellularly to infect additional cells. Experiments were conducted to model this process in vitro and to determine whether low-pH nasal sprays could interrupt the extracellular spread of HRV. Exposure of HRV16-infected HeLa cells to low pH citrate or CP buffers at 4-h intervals reduced the 48-h yield of virus (figure 2). By contrast, washing cells with PBS (pH 7.2) produced only modest reductions in viral titer, compared with untreated cells (10 4.1 vs. 10 5.5 TCID 50 /mL; figure 2 ).
Clinical Studies
Tolerability of low-pH nasal sprays in normal volunteers.
The sprays were generally well tolerated, and all subjects completed all phases of the study. No differences were noted in the total symptom scores (table 1). When individual signs and symptoms were analyzed separately, sore throat was reported more often in individuals treated with either 0.15 or 0.075 mol/ L CP, compared with saline, and this was also reflected in a higher mean score for this symptom (table 1). Nasal erythema on physical examination was reported more often in individuals treated with saline. There were no other group-related differences in signs or symptoms.
Buffered nasal sprays can lower pH in vivo.
A total of 12 healthy volunteers completed the intranasal pH study. Intranasal administration of 15, 50, or 100 mL of a pH 3.5 citric acid/l-pyroglutamic acid/phytic acid solution caused transient pH changes on all 3 regions of the nose, and the effect was dose and time dependent ( figure 3; table 2 ). The greatest effects (2-2.5 pH unit reduction) were seen 1 min after the administration of 50-100 mL, and the pH remained significantly lower than baseline pH for 5-10 min. The 100-mL dose produced a significantly greater pH reduction, compared with the 15-and 50-mL doses (AUC, and .04, respectively) in the na-P p .02 sopharynx, and similar trends were noted for other areas of the nose (data not shown).
Effect of low-pH nasal sprays on outcome of experimentally induced infection with HRV16.
A total of 43 subjects completed the study (table 3) , and 42 subjects were infected as indicated by shedding of virus in nasal secretions and/or a 4fold increase in antibody titer. Among the infected subjects, 20 (active nasal formulation group) and 21 (placebo group) subjects had complete data sets for analyses based on previous 24h symptom assessments. In the placebo group, 86% of the subjects inoculated with HRV16 experienced cold symptoms. The active treatment group had a lower cold incidence rate of 71%, but this difference, which reflected a difference of 3 subjects between the 2 treatment groups, did not reach statistical significance. The active treatment did not lower total symptom scores or median daily symptom scores ( figure 4) , compared with placebo. Similarly, the administration of low-pH nasal spray did not reduce individual symptom scores or shorten the duration of illness (data not shown).
Almost all subjects became infected with the challenge virus (20/21 in the treatment group and 22/22 in the placebo group). When the amount of virus in nasal lavage samples from day 2 was quantified, the median virus level was 10-fold lower in the treatment group, compared with the placebo group (10 3 vs. 10 4 TCID 50 /mL;
). There was a modest correlation between P ! .01 viral shedding and symptom scores in the group as a whole ( ; ), and this was not modified by treatment r p 0.447 P ! .01 s status.
No serious adverse events (AEs) were reported. One early withdrawal was related to abdominal discomfort. The number of subjects reporting AEs in each treatment group regardless of causality was 6 subjects (27%) in the active nasal formulation group and 2 subjects (9%) in the placebo group. Among AEs that were judged to be possibly or probably related to treatments, 1 subject (5%) in the active nasal formulation group reported fever, and 1 subject (5%) in the placebo group reported abdominal discomfort. There was 1 subject who reported application site reaction to the active spray; this was reported on a single day and resolved on the same day.
DISCUSSION
We conducted a series of in vitro and in vivo experiments to determine whether the sensitivity of HRV to low pH might be used to develop new treatment approaches to respiratory viral infection. A survey of common respiratory viruses showed that acid conditions inhibit the replication of most HRV serotypes, and to a lesser extent, of influenza virus. Many of the low pH buffers that were tested did not harm cell monolayers in vitro. Of the different solutions that were evaluated in tissue culture, citrate was chosen for further study because it is nontoxic, readily kills virus (2-4 log 10 reduction in TCID 50 ), and has a buffering capacity to remain at low pH even after it is diluted 3-fold. The in vitro model of intermittent exposure to a nasal spray suggested that, by interrupting the extracellular spread of virus, low-pH buffers may be able to either prevent or reduce the severity of clinical colds. Because the low-pH buffers lowered the nasal pH for at least 5 min and produced only minor irritation of the nose in healthy volunteers, a small-scale pilot clinical trial was performed using experimental inoculation with HRV16. Experimental inoculation with HRV provides an attractive model to test antiviral compounds because it allows for inoculation with a standardized virus and for detailed kinetic observations of the evolution and resolution of the cold. The combination of low pH and a chelating agent reduced the amount of viral shedding during the acute cold but did not reduce common cold symptoms. Although no clinical benefits were demonstrated, the present study confirmed the feasibility of using inexpensive low pH solutions to inhibit viral replication.
A major question raised by these results is why the treatment was able to reduce viral shedding but not clinical symptoms. One factor was the statistical power of the study. A further possibility is that, despite having an antiviral effect, the solutions caused sensations in the nose that were confused with cold symptoms. Although the AE profile of citrate in the noses of normal volunteers was similar to that of normal saline, it is possible that this effect could be accentuated in the presence of a viral infection. An alternate explanation for the lack of clinical benefit is that a greater reduction in viral replication is needed to achieve efficacy. The 1-log reduction in viral shedding observed in the present trial is similar, however, to that reported in a clinical trial of tremacamra (soluble ICAM-1) [10] and is somewhat greater than that produced by interferon-a 2b or pleconaril [17, 18] . Each of these medications produced a small but significant clinical benefit in previous studies. Topical medications have an additional challenge of delivering medication to the site of infection. Infections with HRV can involve large lower airways in addition to the nasopharynx [19] , and delivery to these locations might be necessary to obtain optimal clinical benefits. Finally, it is possible that the spray enhanced either cellular or neural inflammation; both of these mechanisms have been linked to the pathogenesis of cold symptoms [1, 20] . For future studies, histologic evaluation of nasal mucosal biopsy samples could provide additional information in this regard.
In the preliminary trials, low-pH nasal sprays were well tolerated by healthy volunteers and caused a significant reduction in nasal pH. In addition to citrate, phytic acid was added to the preparation used in the inoculation trial, because the combination of low pH and chelating ability helped to boost the antiviral activity of the preparation in vitro (data not shown). Preliminary experiments indicated that a low-pH preparation containing phytic acid was also well tolerated by volunteers (data not shown). From a technical standpoint, our results demonstrate that it is possible to lower the nasal pH to !4.0 in healthy human subjects by dosing with as little as 50-100 mL of nasal spray. Encouragingly, effects on pH in the nasal cavity extended from anterior portion of the inferior turbinate (where the product was deposited) to the nasopharynx, indicating a broad pattern of deposition and/or spread. Overall, dilution into nasal secretions and buffering in the nasal tissues resulted in a change of only 0.5 pH units from the delivered product. This confirms that use of the spray produced a pH that is hostile to HRVs, which are generally inactivated by a 1min exposure to pH 4.0.
Although no clinical benefits were demonstrated using this model, the low-pH nasal spray did reduce viral shedding. Because the transmission of colds depends in part on shedding large amounts of virus [21] , it is conceivable that low-pH treatments could be used to inhibit person-to-person transmission. In fact, tissues impregnated with organic acids and detergents were able to reduce the transmission of colds in a clinical trial [22] .
In summary, some, but not all, common respiratory viruses are susceptible to low pH, and we have demonstrated antiviral effects of low pH both in vitro and in vivo. Despite its having an antiviral effect, the nasal formulation that we tested did not result in a statistically significant reduction in cold severity or duration, and our hypothesis is that local irritation to the nose may have obscured clinical benefits. If less irritating acidic sprays are developed, this could represent a new and inexpensive antiviral approach for the prevention or treatment of colds caused by HRV and would warrant running a larger scale human study.
